Lubricated squeezing flow viscometry was applied for the evaluation of the consistency of mayonnaise samples of 50% w/w oil content. Mayonnaise samples were prepared with the addition of four stabilizers: sodium alginate, xanthan gum, guar gum and carboxymethyl cellulose (CMC). Each stabilizer was added individually at concentrations from 0.5 to 2% w/w. In addition, a series of nine mayonnaise samples was prepared with mixtures of xanthan gum and guar gum in various ratios, at 1.5% w/w total concentration, aiming to determine synergistic effects between the two stabilizers. All samples were characterized as pseudoplastic since flow behavior index was shown to be lower than unity. Biaxial elongational viscosity, expressed as stress growth coefficient, was determined at specimen's compressive deformation 50%, because larger deformations lead to structural breakdown of highly viscous samples. Using the present method, the determination of stress growth coefficient was possible in the range from 40 to 300kPa·s. In all samples, stress growth coefficient was shown to increase with increasing concentrations of stabilizers. At concentrations ranging from 1.0 to 1.5%, CMC provided the most viscous emulsions, followed by those with xanthan gum and sodium alginate, while those with guar gum appeared as the least viscous. Conversely, at concentration of 0.75%, CMC was shown to be unable to form a sufficient network, thus providing a less viscous emulsion than the one by xanthan gum. All mixtures of xanthan gum and guar gum revealed synergistic action, where the highest stress growth coefficient values were observed in samples with xanthan gum/guar gum ratios of 30:70 and 40:60. The above mentioned values were higher by two or threefold (p<0.05) compared to those of samples of equal concentration (1.5%) prepared with the addition of xanthan gum or guar gum alone, respectively.
Introduction
Mayonnaise, a semi-solid oil-in-water emulsion is traditionally prepared from a mixture of egg yolk, vinegar, oil (70-80%, w/w), which may also include salt, sugar or sweeteners and other optional ingredients [1] . Low-fat mayonnaises are products of increasing interest, since consumer tendency continuously points towards products of low caloric content. Addition of modified starch and other hydrocolloids is permitted in mayonnaises and are essential in products of decreased fat content (light) [2] , due to their stabilizing and/or thickening properties, which increase emulsion stability, particularly towards creaming [3] .
Knowledge of the rheological properties of food products is essential for product development, quality control, sensory evaluation and design and evaluation of the process equipment [4] . The viscosity of mayonnaise can be determined using various viscometers and rheometers. However, such techniques present slippage between contact surfaces and product, which leads to irreproducible results [5] . Lubricated squeezing flow viscometry was introduced to foods testing in mid 1980s and has since been applied to a variety of food products [6] [7] [8] . It is based on squeezing a specimen between parallel plates of the same diameter. Since the specimen under the plates maintains a cylindrical shape the test's geometry is clearly defined. Also, because the specimen is mounted when the plates are separated, structural disruption is dramatically reduced, if not totally eliminated. Thus, the problems created by the forced insertion of the specimen into the narrow gap of a conventional viscometer can, to a great extent, be avoided. Lubricated squeezing flow was also chosen against other methods, due to being the sole viscometric method in which the expected slippage is not considered a disadvantage, but is a prerequisite. Pure elongational flow can be obtained by the lubricated squeezing flow technique, in which slip at the plate-product interface is maximized by applying lubricants. Lubrication ensures that the results for biaxial compression are uncomplicated by any shear components [6, 9] .
Lubricated squeezing flow was used in the present study for the determination of rheological properties of different types of mayonnaise. Scope of the present study was to investigate the effect of some commonly used stabilizers, namely xanthan gum, guar gum, sodium alginate and carboxymethyl cellulose (CMC) on the rheological characteristics of low-fat mayonnaise. Objectives of this research were the elucidation of the effect of type and content of stabilizer on the consistency of mayonnaise, as well as synergistic effects of xanthan and guar gum added as blends of different ratios.
Materials and Methods
A series of twenty eight low-fat mayonnaise samples were prepared in 1kg batches, using a domestic mixer. Ingredients used were soybean oil (500 g), pasteurized egg yolk (90g) vinegar (50 g), sugar (10 g), stabilizer and deionized water. Stabilizers, namely sodium alginate, xanthan gum, guar gum and carboxymethyl cellulose (CMC), were added individually at concentrations of 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2% w/w. An additional series of nine samples was prepared using different blends of xanthan gum and guar gum, at a final concentration of 1.5% w/w, in order to determine synergistic effects of these stabilizers. Stabilizers were obtained from Sigma-Aldrich (Saint-Louis, USA) and all other added ingredients were purchased from a local supermarket.
Instron UTM model 5542 (Instron Corp., USA), equipped with a 500 Newton load cell, was the rheometer used. Specimens were subjected to compressive deformation 90% under constant area (67.9 cm 2 ) and constant speed (5mm/min), at 20±1 o C, between two parallel lubricated Teflon plates, from 10mm initial height to 1mm final height. Biaxial strain rate ( b ) was calculated from the measured forcedisplacement data and used to determine stress growth coefficients ( + ). All tests were performed using at least three replicates of every sample.
One-way analysis of variance (ANOVA), using Student, Newman and Keuls' multiple range test of mean comparisons was performed using Statistica version 9.0 software (Statsoft Inc., USA). Differences were considered significant at p<0.05.
Results and Discussion
Lubricated squeezing flow of low-fat mayonnaise samples with different stabilizers added could not be employed to some samples containing insufficient or excessive amounts of stabilizers, due to exhibited sample viscosities outside the range of measurement of the specific method. Samples containing 0.5 and 0.75% guar gum, as well as 0.5% sodium alginate and CMC were shown to be fluid and could not withhold self-supporting networks. Also, addition of 2% guar gum led to excessive oil separation, failing to produce stable emulsions possibly due to high concentration polymer incompatibility. In the case of protein-polysaccharide incompatibility, the mixed solution is unstable and separates into two solvent-rich phases (demixing), one containing mainly the protein and the other one mainly the polysaccharide [10] . On the contrary, samples containing 1.75 and 2% CMC, as well as 2% sodium alginate could not be measured since they were hard and spongy.
For all other samples effectively measured by lubricated squeezing flow, results produced flow behavior index values (n) lower than unity, ranging from 0.653 to 0.883, thus characterizing samples as pseudoplastic. This range of n is consistent with the calculated values for mayonnaise and custard [9, 11, 12] , as well as mustard [13] , at room temperatures. Other researchers have also reported thickened aqueous phases which included pseudoplastic properties for CMC concentrations <2.3% in emulsion gels [14] , as well as for xanthan, guar gum concentrations <0.6% [15] and alginate concentrations <0.15% [16] in aqueous solutions.
Biaxial elongational viscosity, expressed as stress growth coefficient ( + ), was determined at biaxial strain rate ( b ) of 8.3×10 -7 s -1 corresponding to 50% deformation of specimens, because larger deformations lead to structural breakdown of highly viscous samples. Coefficient of variation was in the order of less than 10%, revealing that the test had a high reproducibility. Results expressed as + of lowfat mayonnaise samples with different types and contents of stabilizers are shown in Figure 1 . Using the present method, the determination of stress growth coefficient was possible in the range from 40 to 300kPa·s. Similar results, at the same compression rates, ranging from 150 to 200kPa·s, were reported for commercial low-fat mayonnaises by other researchers using the same method [8] or ranging from 80 to 100kPa·s for commercial full-fat mayonnaises, using imperfect lubricated squeezing flow [9] . Also, elongational viscosities ranging from 130 to 150kPa·s were reported for commercial mayonnaises determined by imperfect squeezing flow geometry with a compression rate of 0.01mm/min [13] .
As shown in Figure 1 , + statistically differed for all concentrations of each stabilizer (p<0.05). All samples containing xanthan gum were effectively measured, which revealed xanthan gum's ability to form sufficient network at moderate concentrations. Xanthan gum's ability to form consistent and stable emulsions at 0.5% was also demonstrated by other researchers [11, 17] . Xanthan gel-forming inability and high pseudoplasticity may have led to consistent and stable emulsions at relatively high concentrations such as 2%, due to reduced depletion flocculation effects [10] . Additional reports have shown that full-fat mayonnaise exhibited weak gel-like properties, whereas gel strength increased with increasing xanthan gum concentrations [11] .
Stress growth coefficient, therefore, consistency of samples was shown to increase with increasing concentration of all stabilizers used, which was in accordance with results by other researchers [15, 16] . Samples prepared with added xanthan gum, guar gum and sodium alginate presented a similar increasing rate with stabilizer concentration, whereas in samples with CMC the corresponding rate was more rapid. At concentrations ranging from 1 to 1.5%, CMC provided the most viscous emulsions, followed by those with xanthan gum and sodium alginate, while those with guar gum appeared as the least viscous. Conversely, at concentration of 0.75%, CMC was shown to be unable to form a sufficient network, thus providing a less viscous emulsion than the one by xanthan gum.
Synergy between xanthan gum and guar gum was investigated by varying xanthan contents in blends of the above mentioned stabilizers, since guar gum was shown to produce the least viscous and less stable emulsions. As shown in Figure 2 , all mixtures of xanthan gum and guar gum revealed synergistic action, since consistency of blends were higher than those of samples containing individual stabilizers. The observed synergy indicated that intermolecular binding occurred between galactomannan's backbone and disordered segments of xanthan [18] at all ratios. Consistency was shown to be statistically different amongst most samples (p<0.05), except samples with xanthan gum/guar gum ratios of 50:50 and 20:80, as well as 80:20 and 10:90. Stress growth coefficient values increased with increasing incorporation of xanthan in xanthan gum/guar gum mixtures and then were shown to continuously decrease. Specifically, the highest stress growth coefficient values were observed in samples with xanthan gum/guar gum ratios of 30:70 and 40:60. The above mentioned values were higher by two or threefold compared to those of samples of equal concentration (1.5%) prepared with the addition of xanthan gum or guar gum alone, respectively. Previously reported results in aqueous gum solutions also showed highest xanthan gum/guar gum synergistic effect at 40:60 ratio, by the use of oscillatory rheometry [19] .
Type and concentration of stabilizer was shown to affect low-fat mayonnaise's consistency which revealed that product properties can be effectively manipulated by addition of various stabilizers. Guar gum addition led to the production of the least viscous samples, followed by sodium alginate and xanthan gum, while CMC produced the most viscous. Synergistic effects between xanthan gum and guar gum were prominent in xanthan gum/guar gum blends of 30:70.
Lubricated squeezing flow viscometry was shown to be successfully employed for the evaluation of the consistency of low-fat mayonnaise samples of 50% oil content. Using this method, a wide range of stress growth coefficient values could be effectively determined. Furthermore, viscosity differences between samples with various types or concentrations of stabilizers were in fact distinguished. Synergistic effects between two or more stabilizers could also be studied so as to attain low-fat products of improved consistency. Conclusively, this method can be used as a basic tool for the development and quality control of similar products.
